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Motivation

5G Infrastructure Public-Private Partnership (http://5g-ppp.eu/)
The 5G Infrastructure Public-Private Partnership

i N CONNECTED CITY ala.
= CONNECTED THINGS e o j"‘ n e _& ﬁ
- T > R CONNECTED HEALTH
= S I i B
» » p k 4
CONNECTEDHOUSE > Q H
4 9 53
>
o o oo oo NN ; 8 G
2 0L @~ & - = =3 -
X ol o— il o m
ANNECTED PEEPIE CONNECTED TRANSPORTATION
Current Status of Wireless Networks More efficient network

* Increasing number of terminals
* Increasing data rate demands
* Constant (or decreasing) radio resources

/ architectures are
required
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An Option: Network Coding (1/3)

* Conventional communication systemes:

— Network nodes function independently

* Routing, error control coding and data storage have been
designed in accordance with this independency principle

e Data flow rates form source nodes to
destination nodes in a network can be increased
by transmitting combinations of data [1]

 Stemming from the early works of in the form of
multi-level diversity [2]

[1] R. Ahlswede, N. Cai, S.-Y. Li, and R. Yeung, “Network information flow,” IEEE Trans.
Inf. Theory, vol. 46, no. 4, pp. 1204-1216, July 2000.

[2]R. Yeung, “Multilevel diversity coding with distortion,” Information Theory, IEEE
Transactions on, vol. 41, no. 2, pp. 412-422, Mar 1995.



An Option: Network Coding (2/3)

Example: Two way relay channel

b, b,
O () m ©)
b, Db, —"b, Db,

Routing solution:
— Total Transmission Time: 4T

Network coding solution
— Total Transmission Time: 3T

Physical layer network coding
— Total Transmission Time: 2T




An Option: Network Coding (2/3)

* Generalized set-up:
1. BROADCAST PHASE

Source nodes transmit
information symbols in N
orthogonal resource block
(time slots or frequency
channels) during the multiple
access phase (solid black
lines) to relay nodes.

2. RELAYING PHASE

N relay nodes perform
network coding on the M
estimated symbols and
transmit in N resource blocks
in the to destination I
S;—2R S;—2R

Network Coded symbols

‘|SM—>R| R;—>D || R>—>D =] Ry—>D
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The majority of the literature on network
coding targets wired networks
(or application layer deployments )

Assumption: no erroneous transmissions

What about error
oropagation?
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Main Idea

Wired Network Coding # Wireless Network Coding

1. Fading channels

2. Direct source-destination links
— Cooperative Diversity
— Detector Design




A4

Network Coded Cooperation
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Cooperative Networking (1/2)

Goal: To significantly improve the error
performance of the system.

1. Broadcast Phase:

As source node transmits, the overhearing relay
nodes can repeat the received signals

2. Relaying Phase

The destination can combine all received copies of
the information signal



Cooperative Networking (2/2)
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Cooperative
networking techniques
can help us exploit
spatial diversity
— hence combat the
performance
degrading effects of

the wireless fading
channels.

Makes use of the
broadcast nature of
the wireless channel,
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Network Coded Cooperation

 Combining network
coding and cooperative
networking

e Can exploit the intrinsic
characteristics of
wireless networks to
Improve

— Throughput
— Robustness.

* Based on the preliminary
works of Chen, Kishore

O
{swclm—)oua;—)oljau-ml and L| |n [3]

[3] Y. Chen, S. Kishore, and J. Li, “Wireless diversity through network coding,” WCNC 2006
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What's Fading?

Received power (d8)
g 8 b 4

8
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Received power [dB]
(@)

Measurement Based Evidence
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Wireless Channels

[WVW 2. Large scale fading: 3. Small scale fading:

multipath propagation

Shadowing and obstructions

L4
L4
L4
L4
L4
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Log(Pr/Pt)

Path loss === === ==
L A / Shadow + Path loss ~ ------------
I / / Multipath + Shadowing + Path loss

» Log(d)
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Wireless Channel Models (1/2)

xreC yeC
Symbols Signals , J Signals Symbols
selF selF
4 Modulator Channel Demodulator 4
\_ J
Performance Metrics:
S Outage probability
yz&f + 72/\ Symbol error rate
Fading Channel Additive white Gaussian noise (AWGN)

neC n~N(0,o0?%)
heC
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+ Wireless Channels

A4
Network Coded Cooperation
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Impact #1: Error/Outage Rates

Pr(s # 8) Pr(==% <)

10°

107

bability

Prol

Outage

107

10-3 L L | | 1 | | | |
Eb/No (dB) 0 2 4 6 8 10 12 14 16 18 20
EBNo [dB]

E:/O P.(x)p,, (v)dx
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Impact #2: Source-Destination Links
s-d link

s-rlink ==--- r-dlink

Global
Encoding Z =
Matrix

\O 0 . .' 1 Oé.ln " .' ()47;171/
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Combined Impacts:

s-d link

s-rlink ==-=-- r-dlink

Each link has a nonzero error/erasure probability
ALCOMA 15 - 19/03/15
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Example: 4 source nodes, 4 relay
nodes, broadcast transmission (1/3)

Lost due to »-d errors
Lost due to s-r errors

(replaced by 0)

Lost due to s-d errors
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Example: 4 source nodes, 4 relay
nodes, broadcast transmission (2/3)

* Cooperative Random Network Coding

* Relay applies random linear network code (4]

— Each relay randomly selects a coefficient from a
finite field with g elements for the data received
from a source.

e Erasure model is assumed

* Rank based detector is employed

[4] T. Ho, M. Medard, R. Koetter, D. Karger, M. Effros, J. Shi, and B. Leong, “A random
linear network coding approach to multicast,” IEEE Trans. Inf. Theory, vol. 52, no. 10, pp.
4413-4430, Oct. 2006.



Example: 4 source nodes, 4 relay
nodes, broadcast transmission (3/3)

¢SD =0.2, q’SR =0.2

=03
=0.6
=0.9

-4 | | | | | | | | | 107 : . ‘ : : . : ! .
10 1 15 > 25 3 logés(q) 4 45 5 55 5 1 1.5 2 25 3 logé.’:'()q) 4 4.5 5 55 6
No S-D link
Non-ideal S-D link no direct transmission link between

source & destination nodes
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Extension to OFDMA (1/2)

The number of
coherence
bandwidths: 4

The number of
subcarriers: 128

The number of
source nodes: 8

The number of
relays: 2

10° : : : :
*+r et Asymptotic: SNR™'2
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SNR(dB)

[5] A. Heidarpour , G. Karabulut Kurt, M. Uysal, ‘Diversity-Multiplexing Tradeoff for
Network Coded Cooperative OFDMA Systems’ accepted for publication, ICC 2015
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Extension to OFDMA (2/2)

The number of 10° ! , , , !
COherence Asymp(otic: SNR ™2
. ‘? I8 F - = N = e MR i i = == = Analytical i
bandwidths: 4 = o N
2 n . : : : .
The number of R A N LW P=6.l . S |
subcarriers: 128 go B : i -8 -
.. = E . P=12
Transmission rate. G !0 [ iR At SR R -
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[5] A. Heidarpour, G. Karabulut Kurt, M. Uysal, 'Diversity-Multiplexing Tradeoff for
Network Coded Cooperative OFDMA Systems’ accepted for publication, ICC 2015
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Testbed Deployment (1/2)

Screen Output
(NI LabVIEW)

Aray2

a‘“ - o,snsxs\

Reeee
7

Px (Relay Node)
NI PXI 6683

Tx-1 (User-1)
NI USRP 2921

p Rx-1 | \ ‘ 4
{ NI USRP 2921 Wi ' s >2(User-2)
SN i | / : - NI USRP 2921

Rx-2

i‘ ... — J - A 3

NI USRP 2921

A |

OFDMA based Transmitters
Network Coding at Relay Node
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Broadcast Phase

Subcarrier
Distribution

User-1

: . di Subcarrier Tx-2 I
I Bit Loading Distribution :
I I
| | '

I
: i I/Q S/P 1 u)rr_lI P/S { cP {_.| D/A I |

I
|  User2 |
. — T S| w3 |
| Bit Loading Distribution :
| |
I 1 I
| I
: i va_p—s/pt— ot }—pist—] o — o/a | |

I
| User3 I
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Subcarrier index

User Type

Frame Structure

«+—0-55—»»4¢—60-419—»»<«¢—420-599—»»<«+—600—>»4¢——601-780——>ret——781-1140—>w4-1141-1199-»»

ZP Sequence Info + Reference Info + Reference DC Info + Referm + RefererFr ZP Sequence_l
Usert | Goequence | 360 Samples 190 samples | 1| 100 qomples oSmge | DSequence
User2 | Cicnuence | 350 Somples 180Somples | 1Sample | 180 Samples so0samples | 0Soauence
User3 | Ccnuence | 350 Somples 1305amples | 5P| 100 Gomples s0samples | g e
Re;:it\;ed SOS::lTeF:\IiZ 360 Samples 180 Samples 1 Sample 180 Samples 360 Samples (S)QSZ:umeF:s:
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Relaying Phase & NCC

Tx-2 —T A A
User-3 OFDMA Symbols B
TX'3 User-1 + User-2 + User-3 OFDMA Symbols

- -T _

Rx-2

' User-1 + User-2 + User-3 OFDMA S\/mrbrolx"‘-\\
T™%-1 ’
Rx-1

—_— e O

I 1
1 O
0 1

<
[\9)
-
O = O
_—O O
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Receivers at Destination Nodes

Data coming from Tx-1, |

Network
Decoding

Network
Decoding

Tx-2,Tx-3and Px | cp ; ML
T A/D Remove 57 S/P "-@—’ Estimator

|
|
|
|
[ S | Synchronization
| Channel
| Estimate
-

Data coming from Tx-1, :

Tx-2, Tx-3 and Px cp - i -
’ i R S P P ——" I }——-

| A/D Remove S/ S/ Equalizer Estimator
|
|
[
[
| Synchronization
| Channel
| Estimate
L

Another commonly used simplifying assumption:

The availability of the ideal channel state information (CSI)
Measured by using a limited number of pilot channels CSI may not always

be ideal (every 8t subcarrier in this test set-up).
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Estimated Bit
7a Series
.......... >
Seperation
Rx-1
Estimated Bit
7a Series
----------- -»>
Seperation
Rx-2
29



RX1
TX1 TX2 TX3 TX GAIN
BER 0.003 0.0001 0.0006 5dB
EVM (%) 26.39 37.2 30.16
BER 0.0009 0 0.0004 10 dB
EVM (%) 22.22 31.26 27.14
RX1

TX1 TX2 TX3 RELAY GAIN TX GAIN
BER O 0 0 -5 dBm 5dB
BER 0.0057 0.0089 0.0089 -15 dBm
BER 0.0254 0.0135 0.0123 -16 dBm
BER O 0 0 -5 dBm 10 dB
BER 0 0 0 -15 dBm
BER 0.0006 0.0007 0.0007 -16 dBm

RX2
o TX1 TX2 TX3 TX GAIN
=" BER 0.0045 0.0004 0.177 5dB
) EVM (%) 43.15 30.31 125.6
=
=
> BER 0.0006 0 0.0007 10 dB
A~ EVM (%) 30.89 16.49 30.35
RX2
TX1 TX2 TX3 RELAY GAIN TX GAIN
- BER 0 0 0 -5 dBm 5dB
Q BER 0 0 0 -15 dBm
BER 0.0001 0.0001 0.0006 -16 dBm
BER 0 0 0 -5 dBm 10 dB
BER 0 0 0 -15 dBm
BER 0 0 0 -16 dBm
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Future Work

* Impact of the Selected Network Code &
Constellation Shape

* Further Physical Layer Related Problems:
— Resource allocation (power/frequency/time)
— Channel estimation

— Synchronization
— Multirate modulations



Conclusions

* For practical applicability the impact of the
wireless channel needs to be considered
=>» Cooperative network coding systems

— Non-zero error/erasure rates
— Direct source destination links
— Nonideal estimation characteristics

ALCOMA 15 - 19/03/15
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Wireless Channel Models (2/2)

Deterministic Channel Models
Solutions of Maxwell’'s wave equations
J Ray-tracing and Site Specific (SISP)

Statistical Channel Models
Modeling the amplitude (phase) of the impulse
response of a channel with a probability

distribution functions



Log-distance path loss

Received signal strength decreases logarithmically with
increasing distance (verified by both theoretical and empirical
results.)

Environment Path loss exponent
Average Path Loss:
N Free space 2
PL(d) (d/d ) Urban Environment 2.7-3.5
0
Shadowed Urban 3-5
PLiag) = PL(do) + 10nlog (d/d ) Environment

0 Indoor line of sight (LoS) 1.6-1.8

Empirical Models: Obstructed Indoor 4 -6

: Urban macrocell 1-100km, 0.15-1.5GHz, BS antenna height 30-100m
: “Simplified Okumura Model
: Hata model extended to 2GHz



Lognormal Shadowing

(Large-scale fading)

ﬁ[dB] = PL(d) + X, = PL(d,) + 10nlog (d/do) L X

04

Normal distributioness|

N N 00;3_:
=] | Xomlogtty) > xe=) xi "
i= i= 024 |

Lognormal distribution

1
O

0.15 -,'I
o1 » .
Central limit theorem 00s L \
0 ,"' 1 1 I
0 1 3 - 5

) =L ex (_(logy—ﬂ)z) P
y Y y% p 20_2 O~ tc |4,14
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Lognormal Mixture Model
(Large Scale Fading)

Weighted mixture of lognormal shadowing

K
P~y =) oKLV (i o)

% -
°
‘ch' @ Track Points
-
®
([ ]

o

[}

@

GENERAL MEASUREMENT PROPERTIES

Scenario Urban macrocell

Location Istanbul Technical University Maslak Campus
Measurement setup 1 Base Station, 5 tracks, 10041 data points
Track distances from base station Sm, 10m, 15m, 24m, 40m

CHANNEL SOUNDER PROPERTIES

Make/Model Anritsu MS2711E
Center frequency 940.51MHz
Sweep time 17ms

[4] S. Buyukcorak, M. Vural, and G. Karabulut Kurt, “Lognormal
Mixture Shadowing,” IEEE Transactions on Vehicular Technology,
accepted for Publication
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Lognormal Mixture Model
(Large Scale Fading & Composite Fading)

0.06 - -
[ ] Histogram all
Gamma
0.05F--------- SLEEEELEE SLEEL — |verse Gauss |
: : N via MLE
— N-2 (Best-fit)
0.04
5
o 0.03
0.02
0.01
0 5 [T
-20 -10 0 ’ 20

Normalized received power
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Small-scale Fading Models (1)

J J

r(t) = e/2WHX(t) + jY (1)} X(t)~N(vy,0%)
X(1),Y(6)~N(0,02/2) Y(£)~N (v, 07)
Amplitude R = \/X(£)? + Y (t)? fo(r) = Lze“rz:zj I, (r_';)

r o _re 2 2
fr(r) =—e 20 v=_[v; TV
o

l,. Zeroth order modified Bessel function

0.6

— 0.5

0.4

0.3

7] 0.2

0.1




Small-scale Fading Models (2)
- J

k 2 k—1 -k
2 k _kr” kr T
f2() =55 (202) e a fa(r) ==5ze 2

k=1 Nakagami=Rayleigh

2.5

> > >
[

el

ARAR
e
n W,

0.0 0.5 1.0 1.5
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Composite Channel Models

Large Scale Small Scale
Fading Fading

Inverse
Gaussian
Lognormal

Rayleigh
Rayleigh
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Simulation Results

* Binary phase shift keying (BPSK) modulated
transmission

* Rayleigh Fading + AWGN

 Two source nodes and a relay node

* Network coding @ relay node | s, = a,b;, @ agh,

* (almost) Maximum likelihood detection at
destination

arg max {In(Pr(bg, | bs,)) + In(Pr(bs, | bs,) + In(Pr(b, | bs,, bs,)}

s1 1789
2



A Cooperative Communications e

bs bg b

S>R,D | R-D | S (D)
» time
T 2T

Network Coded Cooperation

b) 4
bsi bs2 br
S1-R,D | S25R,D| R-D

T 2T 3T

» time

Network Coding
c) A

S1-R S2-5R R-D R-D
T 2T 3T 4T

time




BER

10

10
10 L
| mflemm Decode and Forward (ML) | :iciiirsiin
.| ® Decode and forward (HDD)| ... .. .. ...
| —p— NC : : :
| === NCC  diversity order = 2
10-4 ! ! | ! ! | l !
4 6 8 10 12 14 16 18 20

SNR (dB) 44



